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])] SCRI},IIC)N  0 }  “1}11  I’M Nl

“1’wo ])1 illlaly  slImIal  c(MIIlx}neIIts  calI  bc scclI  ill l:i~,uIc  1: a I1l:tirl  bald at about 2.() k}lz,  aII(l

a sclic.s  of IIat Iowbald  ell)issioll~  dl ifiill?,  ulIv:ald  it] fI cqucl  Icy at a rate of about 2.8 k117/yc:i  I, lcactlit)?.

a pc’ak flcqllerlcy  of al)(mt  3.6 kl]z. ‘]’hc nlairl  clllissioIl  bald  has a shaIJ)ly  dcfirId low fleq~l~llcy  cutoff

at 1,8 kllz. ‘1’hc r!llissiolls  coll$ist  of elec[lolliaf,~lctic  waws siilcc.  they occut at f[c. qmwics  w]] above

tllu local ~llawila  flqucllcy. ‘1’he. l)lawla fl erIucIIcy  (f,, = 90(NVN }12, wlIcIe  N is tile  FlcNIoIi dcIlsity

iti CIII-3) is tlw low flquerlcy  cutoff of fIcc. sIIacv clectloIllaf,rlctic  waves, aIId coIIcslm IIcis al)~)loxilllatdy

tc) t}je. ]li~,ll flcquwlcy  linlit  of locally gcllclated  lIiasIIIa  wave.s. lor (hr. ti[llc.  pcIiod  of irl(clcs[ the j)lasrIIa

fl c.queIIcy,  as dctcrlllilled  by the. VoyaF,cI  2 ;)lasIIIa illitllltlwllt, lat IfI.cs flolri 0.4 to 1.3 kl17, with a rIICa II

of aroull(l  0.7 kl17 (s). ‘J’JIc exact std!iil]~ tifllu. of tlIe Iadio t’IllissioIl  is difficult to dctcllllilw flo]ll tlIc

widrl)ald  data, since. tlIc.  tillw resolution caIly ill tllu Lwcllt is OIIly olIc stIcct I 11111 pcr 1~’cck.  ‘J”l Ic sallqdiw.
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tiIIIc.s aI c. i1dictite4i  by the. shot( vcl [ical ham al the tcq]s of tlIc slmlIof!l. alIIs. A IImI e. riccui tite Stril  iill~

Iillm cah k oh[ailjcd florli the I’WS 16chalIrIel s~)ccti  LIIII almly2cr  dr+ta, wilicll  provides olw Il)casulcr[wtlt

CVCI y 16 Semlds. ‘J”hc! 16-clIaIITIc’l s~]ectl LIIII al]al yfcr data show tlIat tlIc.  Iadio c]llissio[l  flfst aIIIIc’aItd

ill the 1.-/8 kllz chatlrwl  011 day 188 (July 6), 1993. AftCI tlkC. Sti!l 1  Of [Ile CVC’Ilt  lIIC illte]l<ity  f’,l:dllall~

illcrc.aw41  ovcv h pcricxl of IImths,  Imchill~,  a ~mk in ea[ly  lkccnihcr 1992. ‘J’)(clcafler,  t}Ic i]lttmity

~la(lually  dccleawi  and i s  alnmt  (ioum to tllc Ieccivet  n o i s e  kwl,  as c)f July 1993.

A stlikinf! chmacte.ristic  of the OVC1211 wcIlt is tllc  CIOSC.  si[llilal  ity of tile  sjlmch LIIIIS at tllc  two

sjmwaft, CmII tlmf.h  they we scparatd by a distwlcc of 44.6 AU. “Iliis close silnilril  ity su~,p,mts that

t}le- smITce  i s  a t  a cmlsidcl-ahlc  distarlcc, IIIOIC  tllnil Hd All. I:rolll tllc Ilmximr[t radiafiorl  irttcvlsity

(1.8 x 10”17 Watls Ili-211T-1)  tile. radiritcd jKIWeI is cstirtlatc41  to Im at lc;ltt  10’3 Wails. ‘J”llis  ]adiu soum

is lINICh st[ott:cl thrrll alIy know  ]datwt:iiy Imlio  elllissiorl, aII(l i s  ~jmbal)ly  Illc Ilmst  irltcnw  lwlio soulcu

iIl 1}10  Solal Systclll.

Voyacci  is nor(lmlly  stallili7c41  ih a flxc41 iIIel iial olicllttitioll  Witil  t~lc klig~l  will :~llt~lIll:{  w)i[lt~cl

town d the }:21 111. llc)wwcl , OrICC.  eVCry  till  CL’  Iil[JIItl  IS t]lC. S] I:iCCCIdt  ]WI foI 111S  a S(’1 iW  O f  10]]S :ltoUtd

tllc. Ilipll gai Il arltclllla  a x i s  to calib[atd  tile.  lll:i~,llrtc)ll  lc[(’1. ‘I’III  cc. SUCII  Jo]] nlalmvels  wcvc IIeI f(~II11e4i

(IUI ill?, this evclIt,  tllc  filst two 011 (lays  2?0 and  311  of 1992, and tlIc tlli[  d on day M of 1993. SilIce  the

I’WS dilmlc  alItemIIa  a x i s  i s  pmlwn(lic~llal  to tllc. roll  a x i s , tllcse rliarlcwveIs  c:ili  bc usd to I)cl foI III radio

dilection  flldillg nmsurcrlmLs. “J’lIc ]6-chaIIIIe] SjlCCtllllll  atmlyzc I d a t a  nlust be. used fm tlleso

r[[c’:~sttlt?ll]c[lts  siIIcc t}lc  sri III]dc  IMc of tlic  widct)ald  s]wctI  LIIII i s  too l o w  to ms(~lve.  tllc  1011  lnodulation.



(My two spe.ctt  urn analyzw c]mtmels, 1 .“/8 aTd 3.11 kI17, arc ill ttIc proper flequency  mIgc to

detect  the. hdiospheric  radio crriission. Of these, no I ()]] -lll()(]ll]21ti()IJ  Cffccts wcfe otmrvd ill tile. 1.78

k}l~.  chmnd. }Iowwer, a cleat rc)ll-IIi(J(llllatic~ll  sif.lial  was otmcv  vc4i  iIl tlIc  3.11 kllz channel  during a l l

thl-cc.  II)allellvcl  s. An c.x:mqde of this U3]l Ilmdulatioll  is shown in ]:if!urc  ~, W]!iCh is for a ten turn IO]i

luawuvel on day 220. ‘l”he. sinusoi&d mdulatioll in tllc.  elcct[ ic fjcid iritellsity  at twice the rotation

]M31 id of tlm spacecraft is clearly  wictcvd. ‘1’0 dCt(!JJIIiIlt?  the IIlll]dilllde. and phaw of the Ildulatiorl  a

siIlc fullctiol]  was fJt to the.  data usihf,  a least  squaws flttin~  ]IIoce41L11  e.. ‘1’he best  fit i s  showII by tile

sIImotl  I cuI-vc..  All till cc roll IIIriIIeuveIs  had silllilal  llmdulatioI[  si~,llatu[t’s. ‘1’hc. ]Jeak-to-]mk  ndulatioll

allilditdes  lah~c  flom s h o u t  10 to 20 pcrctvlt. ‘l”lIcm IClativcly  low rimdu]atiori  alltlditwlcs  i]dicatc  tlmt

tile. source is ci[tm rdativcly lar~c (> 600), OJ th:il the soulce.  i s  l o c a t e d  well  a w a y  f[ol[l tile  Ion  axis

(-- 400), m a colllbirmtion  of tllcsc  effdct$. ‘1’hc e.xistcllce  of a si~},[lificallt  allisotlopy also i[ldicatcs  tll:~t

ttlc  lwliatiou  (at 3.11 k~lz)  is hot tla]qml iu a ili~,ll-Q cavity as suggwtc.d by Gcclmwski ard (irzcc17iclski

(6). h4ulti1dc  r’c.flcctiom irl a cavity wouid  be expcctcd to quick]y ]cad to alJ isotro]]ic  c]ectlic  fivld

distt  ibutioh.

l:or a rotating. elcctl ic dijmlc,  it can be slIowII th:it tllc souIce. nlust lie. ill a ]I]atm Iw]lwmliculaf

to the. atltrrllla  axis at the time of rnaxinlum  signal strcIISth (i. e., fiolll tllc IdI:Ise of the ~oll h]cdul:ition),

If the antcnlfa  axis is pcr]mdiculw to tllc )oll axis, as it is (Illlillf, tlIcsc. rllallcwvcls,  tllrll  tllc ]Ilarw

throuf,h the source also collt;iilis  Ltlc 1011 rixis. “1’0 visuali7c  ]wssil)lc  soul w locatiol]s,  it is coIlvmicIlt  to

collst[-uct  a dia~,t alll lookinp,  alou?. (hc roll axis as ill l;i~urc  3, with all vc.ctols  projccttd  ort[o a lIlarIc
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~wrpcndiculrtt  to the roll axis. In this diaflralll,  tllc  plane. through the source reduces to a lilm with two

lmssiblc.  di] cctio]]s, show) by tile. dashed lims with aI rows at cit}]cv  erd.

As can bc sewn fl m ~;igul  e ~, the obser vcd source directions tcr)d to duster around tllc  projc.cltd

directiou of the Sun’s nmticm. ‘1’his clustering is corlsisteld with a source. location lm.al eitlier  tile.rme

or the. tail ofthc}~clic)s~lhcre..  };or the.specifk ~e<)tnetry  ilmlved,  the. dircctio[ls of the nose ail(i  tail tulu

o u t  to bc ncady  indepcmlent  of tllc dist:mce,  to tllc  source (less tllall  c)rle defwc valiati~)~l  f~)l (list:lllcCs

greater  than about IOOAII).  "l')ievar ia[iorls ir]tllc ()l)ser vc{ls(>~lrcc.  (lirectic)ns  is])rc~t~at)ly  relate.dtcltlle

Pm that the 3.11 kllz charlne] is re.sporldinp. to the u]wald dl if[illg,  )lrrl low-hand features (see l;if,ute 1),

which ale cle.mly e.vcdving  ciurin~  tile cou Isc of tile. cvellt.

OJIly one prc.vious  he.lios])hcric  Iadio e[ilissiorl evei,t }~a$ t)C~Il  ~)l~serve[]  ~,it}i  illtcl)sitiCs

conq)arat]lc to the 1992-93 event. “l’his twcllt mcuri cd in 1983-84, and wa~ first dcscrit)ec! by KuI Lh ct

al. ~/). live othel extle.llmly  weak twmts have been ot]scrvc41  tmtwcetl  these. two IIl;ijor  wcllts (8), orw

in late 198S, one in 19S9,  and thrm ir] 1990-91. Se.vcral illvcsti~,ators  have.  sea1c11c41 for urmsual effects

in the solar wind that might tri~ger  these radio elnissimis. ]’or cxalnjdc, h4cNutt (9) first suggested t}lal

a hip.h-s]md  solar wind stream could trig~,ef tllo radio elllissiorl  wheri  it rwrche.cl the terlllirlal  shock. ‘1’his

idea WK explored further by (irxcd~iclski  aIId 1.:W:II m (10), WIIO idm~tificd  a sw ics of dyllaillic  pre.ssulc

illcrcascs it) tile. solal  wind that tllcy helicved  were rcs[)orlsit)lc  for tllc 19 S3-84, 1985,  a]d 1989 events.

I lespi[c  ttle possib]e lncrit  of tlJcse. sll~fie.stit)lls, tl]c cailsd.-  effect rclatior]shi]]  w;is rmt collvillcirl~.ly

ttmorlstrate41,  aId othm sources col]t  ilmed to be. collsidm  cd. 1:0] all overview of tllc situation prior to

tllc. 1992-93 evemt,  see.  Kurlh (8).
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Since.  helios])heric  radio missioh cvc.nts coIIqmrable  to the 1992? -93 event  are. extreIIlcly  rale, cm

w o u l d  e.x]wct  tlmt  the, solar wind t! ip,f,cr  would also be an unusual event. IJulitl: IIIC ]Jel iod ]Jrior to the.

1992-93 radio tvnissicm  event, there is one event, the. great l;orbush dccreme  of 1991, tlmt fits this

re.cluil-e.l]wmti  I’01 ]nany years it has bmr known that the SUII occasio]tal]  y cjccls arI eIIeJ :ct ic buIst of

Eas called a cmo]]al mrrw ejection (1 1). ‘Ilc ejc.ction is often assc)ciated  wi(fl a sel ics of solar fta[ M ancf

p cxiuccs an illte.rplanctary  shock wave. that II IOVCS outwald  fr on) the Sun at hi~h  speed, up to 10(JO kl[i/s.

“J”lIC shock wave is typically followed by a turbulmlt  high-spcc41  stream of plasma. As the shock

]Jro])a:ate.s  outward through the helic)sj)hcrq  the tulbu]mt  ma~nctic  fle]ds eInbedcled in the }Iiph-speed

stle.alli  inhibit the e.ntly of coslllic  lays, causin~ a temporary clccleaw ill the cos]liic  :ay i]ltcnsity. ‘J’his

effect  is calle41 a l(orbush decrease  (12).

1 )uring the  period from May ?5 m June 15, 1991, a total of six ]najor solar flares occu[led  (13).

‘]’his wcpmce.  of interm solar flare. activity ]uoduced  a strong i~ltcll)larmtary  shock and one of the Iarge.st

I;OI bush decI eases ever obscrve41. ‘Ihe nlairl  fcatums of this e.verlt  were. first discussed by VaII Allmr ard

]’illius (14), and Wcbbu  and 1.ockwcmd  (1 S). ‘l”lIc time se.quulce.  of evemts  is illustIatc41  in l;i~ule. 4,

which has be.c.n adapted flor[i data  in the  above repor [s. ‘1”/Jc  to~) ]I:irIcl slIows tile. counting rate. florrl tllc

IXmp River ncutmn  Wiollitor, which records tllc cos]llic  ray intensity at tlIc I{ar lh. Shol[lyaftc!  the. orlsc.t

oft~lell~r’kd  of inteIlse.  s~)lar activity, in(iicated  byt}l~ sttlall  cl~~sshatckd  re~i~)n  at the t(lll of ther)]~t,

a large (-- 30%) l;orbush ctmme dwelo]m in the. neutlon  morlitor data. “1’his  ctc.crcasc  is the cle.c.pest

dqlr e.ssiorl  ever otml  ve41 by a neutrori  Irloriitm  in over thir iy yea!s of ot)w vatims. 7’lIC next foul palmls

SIIOW tllc  cosmic ray intensities f[-om l)iormer  10 atld 11, at 53 aIId 34 A[J, and from Voyagers  1 aIId 2,

at 46 aIId 35 AU. As the shocks ge]leratcd  by the solar activity j)mlm~,:ite.  outwa[d  floIn tllc. Sun, they

arc bclirwe.d  to coatesce.  into a single shock followed hy a rc:ion of turbulcr)t  higtl-s]leed  ~~lasrna c;illed

a r]m F,CLI intro action I eg, iorl (16). As the disturtm41  plama SWCCI)S over tljc ])iorwcr aIId Voyagcv

——. ——-.
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s~)acmraft,  rcrug}l]y three to four months  aftel  the fla~ c aclivit  y, strong dccrcascs occur io the cosmic  ray

intemit ie.s, first at l’icmrm 11, tlIr31 at Voya:crs  2 and 1, ard firiall y at Picrntw 10. ‘J”hc shock itself was

also detectecl,  first by the riiagnetcmwter  011 l’ioncer  11 (17), then by die plama  illstrumie.nt  on Voyager

? (5), and finally by the plasma wave instr ummt on Voyager 1 (14). ‘1’hcse shocks are itdicatcd  by

ariows in };if.ure 4. ];roni the tiilling of the various events, VarI Alle;I  and liillius estimate that the.

average. propagation speed  is 8?0 ktii/s. Wcbber  ard 1.ockwoml give prq]agatioll  slmcds rarlging  flonl

600 to 800 ktrr/s. ‘l”he overall propagation time, from tile onset of the solar activity on day 145, 1991,

to tllc onset of the radio emission event on day 188, 1992, is 408 clays or 1.1? years.

Although the 1992-93 raciicr  mission e.vent a[d tile.  illtm-~)lanctary  shock awociated  with the 1991

]iorbush  decrease  are both extlaordinaly  e.vcvlts, mm case does not prove a cause-effect I“dationship.

ll[~\\’e.ve.r,  ~lponre.cxal]lirlir~  gt}ic 1983-84heli(~s]  )hericra(lio crI~issi()I~ e.vcllt, v'Ilicll  stnrtedonday  242,

1983, avcIylarge  (21%) l;orl)tlsh  dccreasc \vasf(~Llrlcl  alit[le o\’erorle  year earlic[,O1lclay  19S, 1982.

1’CM acliscmsionof  thisc.  vent, sec Vail Allm and Randall, ard Webber et al. (18). ‘l’he tillic intelval

between  the clay 195, 1982, I;orhush event HIKI the omct of the, 1983-84 radio emlission  is 412 days, or

1.13 years, almost exactly the smm as the 1992-93 radio elnissio~l  mwnt. Also, the pro]) a~ation  speeds,

810 anti 850 kIi~/s, given by Vail Allen and Randall, arid Wehbm et al., arc almost exactly the sallm as

t h e  s]wcd f!ivcn  by Van A l l e n  ald ];i]liUS  {14) fCH the ]99 ~ ~“oIbush e v e n t .  “1’hlls, tllc. t w o  Stlorrg

hdiosphe.ric  radio ell]ission events obwved  by Voyager both a])pcar to have been tI iggercxl  by

illtc.r~~l:illet:ity  shocks with large. Forbush  CIC.CI eases.
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‘J”hc frequency-time spectrum of the 1992?-93  radio emission event is very’ conq)]ex.  ‘1’o interprel

this spectrutli, we. assume that the radio mission is produced by an interplanetary shock, and that  the.

mission is generated at the plasm frequency, fI,, and/or its harmonic, 2fr,. ‘l’he  generation of radio

emission at f~) and ?fp by an inte.rplanetaly  shock is WCI1 known and is the basic mechanism itwolved  ill

the generation of “J”ype 11 solar radio bulsts (19). It is also the only mechanism that has tmn previously

considered for explaining the he]iosphcric radio cInissic)ns  (20).

Three Imundarie.s  must be considered as the interplanetary shock propagtites  outward fl om tlie

Sun: the tcrlninal shock, the hcliopause, and the bow shock. “1’hc f,ecrmctry involved is illustl-ated  in

l~i~ure  S. h40st  previous heliospheric radio el[~ission models have. focused on tt)e terlninal slmcli as the

source region. }IOWEWCI,  in this case. tllc  radio emission cfinrmt be. gemrated  at the terlnitlal shock, or

in the region between the terminal shock awl the heliopausc. ‘l’he. reason is that the elect[  on plasma

f[cqucncy  is too low. Given the observed propagation speed of 600 to 800 kn~/s  ancl travel ti[m of -1.1

ycals, the te.rlninai  shock would have to be located at a distance  of 140 to 186 AU. At ttlis  great distance

the electron plasma frequency, which varies as 1/1<, would be only about 100 to 150 Ilz. Since tllc

electron plasma frequency car] only incre.aw by a factor of two at a shock, and since the higlle.st

ft cqumcy  that can be generated is twice the e.lcctron  plamia  f[ equerlcy, it \\Jould  be impossible to gc)leratc

the crbsmve4i fl cquencies.

At the heliopausc  the situation is much bet[er.  I’he plasJiM density at t}]c hclio~)ause.  is controlled

by prcssu[-e.  balance. Since the. tml~]wratu[e  on tlic interstellar side of the heliopausc is ex]mcted to be.
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much colder than cm the solar wind siclc,  the electron plasrlia frequency catl increase by a large factor at

the heliopause,  to a value that is comparable to the plasma  fr equcncy  in the interstellar medium. Iirom

nunicrica! simulations (21) and various physical arguments, the plas~na  frequency profile in the vicini[y

of the hcliopause  is believed  to be as shown in Figure 6. The plasm frequency imniediately  inside of

the. bow shock depends on the strength of the bow shock, and cannot be llmre than twice the plasma

frequerlcy  in the interstellar medium. Rmotc sensing tmasurenwnts  (?2) suggest tlmt the electron  density

ilt tllc  local interstellar medium is about 0.03 to 0.1 CIn-3,  whict] corn eslmds  to a plasrlia  frequency of

about 1.6 to 2.8 kHz. q’hcse plasma frequencies are in the same general range as the observed radio

emission flequemcie,s,  arl(i are tlmeforc consistent with gcncrat  ion in the. vicinity of the heliopause. Jus[

why the raclio emission should turn on as the interplanetary shock encounters the helic)pause.  is unknown.

h40st likely the onset is related to the much lower tcll]pcl atures of the. interstcll;ir  mediu]ll,

reduce the 1,andau daniping,  thereby possibly causing hip,hcl  radio elliission intcmitir.s.

which would

once the interplarmtary  shock has crossed the hcliopause,  tile mission frequency de~)ends  on the

pla$lwr fl equency  encountered by the shock as it propagates through the post-helio]]ause plasrl)a.

Numerical simulations show that there is a pile. up of plasma arourid the nose. of the. heliosphm  (21).

A cut along the line A-lW  in l;igure 5 would therefore be exJwcted to give a Jmak in the electtor)  plasnla

fl equc.ncy profile, as shown by the curve A-WC in I:igurc 6. A shock proJ)aSating throu@ this rc~ion

would then give an emission fl equcncy  that itlcreases with increasing time, as irdicated  by the curve

labeled A-H in the top right-hard corner of Figure 6. l’hc rising elnissiorl  fl-equc]lcy  is bclicvcd  10

accoul]t  for the upward drifting narrow-barld  cnlissio]is evident in l;igure 1. “l’his interpretation also

pI edicts a source rwar the nose of the heliopause, which is collsistem  with the, directioli finding

nmsurernents  dmcribe41  earlier. It is nol clear whethm the radiation is produced at fl,, 2f[,, or at both.
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I/or the segment of the shock ft ont propagating through the flanks of the heliopause, as along line

A-11’-~ in l;igure 5, the mission frequency shou]d be nearly constant. Radiation from this region is

believed to account for the main emission band in l;igure 1 wliich  is nearly constant at a fI ccprency  of

about 2.o kl17,.  In the simplest interpretation the radiation would not be tral]pcci  in the heliospheric

cavity. llowcvcr,  the issue of trapping depends sensi[ivcly on the details of the plasma frequency profile

(which is poorly known), and the exact point whet e the elnission  turns on. It is possible t}lat  some or

all of the radiation g;nerated  in t}le ilmnediate  vicinity of the hc.liopause  could be. trapped in the

heliospheric cavity. The absence of detectable roll modulation in the 1.?8 kHz channel does not rule out

trapping in this frequency range. We are also not completely certain how to interpret the tmhancenvmt

at about 2.7 k}lz one possibility is that the main band at 2.0 kllz is caused by emission at the

fundamental, fr,, and the enhancement around 2.7 k}lz is caused by emission at the harlnoIlic, 2fI,. An

obvious problem with this interpretation is that the ratio of the frequency of the upper band to the

frequency c~f the lower band is only 1.35, which dots not indicate a hamionic relationship. Similar,

tlmgh  smaller, discrepancies also occur for “1’ype. 11 solar radio bursts (19). Another possibility is that

t}lc. 2.0 and 2.7 k}lz  components are emitted from two regions that have different plasma densities, hence

(ii ffcrent plasma frequencies. Without more dmiled  information on the plasma density distribution, it

is (iifficu]t to (distinguish between such interpretations.

Finaily, we consider the low frequcrrcy  cutoff of the spectrum at 1,8 kllz.. ‘l’here arc two possible

interpretations: first, that it is a propagation cutoff at the plasma f[ cquency; and second, that it is a

characteristic emission flcquency (citiler  fP or l!f[,) ill tile source. If it is a proi)agatiori  cutoff then the

most likely possibility is that it corresponds to the plasma frequency in the post -heliopatlsc  region alonf.

tile. fl:inks anti downstream tail  region, w}mc the plasma  density is rwar tiie interstellar value. in this case.

the. electron density in tiie interstellar me4iiuri~  woulci  be about 0.04 cni-3. If tile clitoff  is a source. effect
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thmr the plasma density in the source would be 0.04 CIII-3 if t}le elnission  is at the fundalnmtal,  or 0.01

cm-l if it is at the harmonic.

‘he distance to the heliopause  can be computed from the propagation speed of the interplanetary

shock and from the travel time from the Sun to the heliopause.  ~“he difficulty with this calculation is that

the shock almost certainly slows down after passing through the trmninal  shock. Since the propagation

spce.d in the region beyond the terminal shock is unknown, certaiti  sitiiplifying  assumptions must be rliade.

As a simple model we assume that the shock propagates with a constant speed,  Vl, inside of the terminal

shock, and with a slower constant speed, V2, outside of the terlninal  shock. To take into account the

unknown  speed V2, we introciuce  a speed parameter, a = V#?l,  which is the ratio of the speed after the

tmninal shock, to the speed before the terlninai  shock. Since the distance to the terniinal shock is also

unknown, we also introduce a distance. paramelcr,  b = R#llI, which is the ratio of the distance to the

terminal shock, kT, to the distance to the he]iopause,  l<}l. Llsing these two parameters, it can be showl)

that the. distance to the heliopause is given by

where T is the total travei time from the Sun tc) the hciiopause,. For an initial esti]natc we use T =- 1.1

year and VI = 600 to 800 knl/s. “1’hese values arc consistent with both the 1983-84 and 1992-93 events.

IJor the distance parameter 6, numerical simiations (21) suggest an average value of about 0.75, with

a ran~e  from about 0.7 to 0.8. For tlic  shock speed par:imetcr rY, numericai  simulations (23) suggest a

nominai  value of about 0.7, with a range from 0.6 to 0.8. ‘l’able 1 summarizes the distances to tlm

hciiol]ause  using various combinations of these pararncttus. “l”hese calculations place the distance to the



14

heliopause in the range from about 116 to 177 AIJ. Hy using numerical simulations it should be possible

to greatly improve ticacctlracy  of these estimates.
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Table 1. Ile distance to the heliopause as a function of the parameter CY, which is the ratio of the

interplanetary shock speed beyond the terminal shock, V2, to the speed inside the

terminal shock, V1, ancltllc pararl~eter  6,w'hich  ist}leratio  oftt)edistance tot}leterrr~inal

shock, &, tothedistance  tothehcliopause,  Rlr.
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I’ip.urc  1. Prequcncy-time spectrograms of the 1992-93 hc] iospheric  radio emission event. ‘1’hc top

pad is from vOyt3gCr  ], aTK] the bc}ttcml pane] is from Voyager ?. The CO]Or indiCate$

the electric field  intensity, wilh red being tile most intense and blue bcillg the least

l~igure  2.

l;igurc 3

Figure 4.

F’igurc 5.

intense.

A plot of the electric field intensity in tile  3.11 k}17 channel during a ten turfi roll

maneuver on day 220, 1992.. A clear- r-c)ll modulation signal can be seen. ~’hc phase of

the roll modulation gives the directio]l  to the source.

Source directions at 3.11 kllz determined fl-om roll maneuvers on days 220 and 311,

1992., and on day 36, 1993. “l-he view is f[ om the. sl]acecl  aft lookin~ along the roll axis

@ == -33.7°, X = 63.7°) toward the I{ar-th. l“he horimntai (reference) direction has

bce.n taken to be. the direction of the Sun’s motion with respect to the nearl}y interstellar

rnediuni,  b = S.OO a[ld A =- 254°, as given by Ajcllo (24).

cosmic  ray counting rates at l~firth,  Pioneers 10 and 11 (53 and 34 All),  and Voyagers

1 and 2 (46 and 3S ALJ).  ‘l”he sharp decI eases  in the cosmic  ray counting rates are

produced by an outward propa~ating interplanetary shock generated by a series of large

solar flarex in late May and early  June, 1991. Illustration adapted  froln Van Allen and

T’illius (14), and Webber and 1.ockwcmd  (15).

A sketch of the heliosphme and its anticipated boundaries. ‘l’he  hcliopause  is the

boundary between the solar wind and the itltcrstellar plasma. Since. tile solar wind

flowing out f[om the Suu is supcvsonic,  a standing shock, called the tcrlnillal shock, is

e.xpectcxl to for-m in the solar wind flow sol]lcw’hat inside of the hcliopause.  A second



?0

standing shock, called the bow shock, is expected to form in the interstellar plasma flow

upstream of the he.liospkmre. “l”he outw’ald  propagatil]g  interplanetary shock produced by

the solar activity in late h4ay and early lune, 1991, is indicated by circle with outward

directed arrows. “l”he aj~proximate  positions of Pioneers 10 and 11 (1’10 and PI 1) and

Voyagers 1 and 2 (V 1 and V2) are indicated by the dots,

liigure 6. A representative electron plasma fre.c]uency (fP) profile through the terminal slmck, the

hcliopa~lse,  and the. bow shock, “l’he peak in the profile along A-B-C (see also Figure 6)

is caused by the “pile up” of plasma near the nose of the heliosphere,  and is believed to

account for the upward drifting narrowband elnissions  in Figure 1. ‘l’he nearly constant

frequcmcy  emission at - 2..0 kH~ is believed to be p~-educed from t}~c flanks of the

heliosphere, along A-11’-~, where. the plasma frequency is ne:irly constant, ‘1’he 1.8 k}]?.

cutoff would then be, indicative of tlm plasma frcqucllcy  in this re~ion.
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